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Abstract

The paper presents the results of an experimental study of the hydroelastic response of flexible
lightweight hydrofoils undergoing various flow conditions including unsteady partial cavitating
flow. It is based on the analysis of the static deformation, the vibrations, the strains and
the stresses of cantilevered hydrofoils, at Reynolds number ranging from 3.10°% to 6.10° in
a hydrodynamic tunnel. A specific distance measurement laser device was used to measure
the static deformation of the hydrofoil for bending and twisting. The vibration response was
measured by means of two laser vibrometers in order to identify the modal response, mainly
the first bending and twisting modes. The strains and stresses were obtained from integrated
strain gauges imbedded in the foil close to the root section. A high speed camera was used in
order to analyze unsteady features of the cavitating flow in some cases. The paper presents the
experimental setup and the main results are discussed.
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INTRODUCTION

In hydraulic rotating machines, the perspective of using
lightweight structures with a certain degree of flexibility
is a challenging way to reduce the weight, to enhance the
performance and opens possibility to control the machine.
For instance an improvement can come from the use of
flexible lifting structures that could adapt passively or
actively to variable operating conditions. However us-
ing flexible lightweight structural in water gives rise to
basic questions related to Fluid Structure Interaction
in a high density fluid that is quite different from aero-
elasticity for which the fluid density is much smaller
than the mean structure density in many applications
as aerospace or wind engineering. For hydraulic rotative
machine operating at relative high velocity, structures
are subjected to high loadings due to the high density
of water and relative large velocity. Using nonmetallic
and lighter materials can lead to high stresses and signifi-
cant deformation inducing strong coupling with the flow.
Moreover from a dynamical point of view, several points
need to be well understood as the dynamic structural
response related to added-mass effects, damping, stiff-
ness together with possible flow-structure instabilities
in turbulent high Reynolds and potentially cavitating
flows. The latter is of primary importance for hydraulic
machine design . The control of cavitation occurring as
the minimum pressure in the fluid is lower than the va-

por pressure ([1], [2])is a very challenging task and using
active or passive flexible structures is a way that should
be of great interest. In hydraulic machine, operating
flow conditions induce strong low pressure on the suc-
tion side of blades leading to various kinds of cavitation
according to the angle of attack ([3]). For instance, it
is known that for small angles of incidence, travelling
bubble occur on the suction side and that leading edge
cavitation (namely partial or sheet cavitation) occurs
for larger angles of incidence. Moreover under specific
conditions, the vaporized area becomes unstable, with
cavity break-off and periodical shedding of large bubble
clusters. This configuration, named ”cloud cavitation”,
generates pressure fluctuations downstream of the cavity
that was studied largely on rigid structures ([4]) but is
unknown when coupling with flexible structures. Re-
cent efforts were made in order to approach through
simulations both the fluid and the structure dynamics.
This comes from the recent development of numerical
methods and models which allow to compute complex
flows together with coupled simulation with reasonable
CPU time, (see [5]). Some numerical developments were
developed to analyze fluid-structure interaction (FSI)
of flexible composite structure in hydraulic applications
mainly for marine propellers ([6], [7], [8], [5], [9], [10],
[11]). However the numerical developments suffer from a
lack of experimental data. For instance, although a large
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number of experimental studies deals with the analysis
of cavitation over rigid hydrofoils ([4],[12]) little referred
to experimental cavitation on flexible structures. Au-
soni at al. ([13]) studied experimentally the vibration
response of a metallic hydrofoil but only recently, cavita-
tion over a flexible hydrofoil has been studied numerically
and experimentally ([14], [15], [16],[17], [18] and [19]) or
theoretically ([20], [21]). Theses studies deal with the
vibration induced by the cavitation on a 3D hydrofoil or
a two degrees of freedom model of a rigid hydrofoil in
pitching and heaving motion. They indicated that cavita-
tion can change the modal response of the structure and
that a lock-in of the foil’s frequencies in cavitating flows
can occur in specific conditions but that experimental
data and physical observations are still required for a
better understanding of a complex FSI phenomena to be
beneficial for simulation of FSI in hydraulic applications.

The present paper deals with a collaborative research
program between the French Naval Academy and the
Department of Naval Architecture and Marine Engineer-
ing at the University of Michigan in order to analyze the
hydroelastic response of a flexible homogeneous hydrofoil
in various flow conditions including cavitating flow. The
objective of the program is to perform physical analysis
as well as to improve simulations of FSI for heavy fluid
applications.

1. EXPERIMENTAL SETUP

The experiments were carried out in the cavitation tunnel
of Naval Academy Research Institute (IRENav) fitted
with a 192 mm square test section of 1m long (Figure
1). The flow velocity ranges between 3 and 12m.s-1 and
the pressure in the tunnel test section is between 3 bars
to 100 mbar mainly to control cavitation inception. The
inlet turbulence intensity measured about two chords
from the hydrofoil leading edge by LDV is close to 2%.

Pressure sensors

192 mm

Figure 1. Cavitation tunnel of IRENav.

Two NACA 0015 flexible foils of ¢ = 100mm chord and
b = 191mm span were used. The first one was used for
strain and vibration measurements. It was constituted
of a cylindrical base that insure a quasi-perfect clamped
condition at the foil root forming a cantilevered flexible

hydrofoil. It was set into a cylindrical rigid aluminium
base (Figure 2). The foil was obtained by milling a
Polyoxymethylene plastic (POM, Table 1). The other foil
was used to measure static deformation. In that case, the
flexible part was fabricated using stereolithography 3D
printing using POLY 1500 resin. In both case the rotation
axis was located at x/c = 0.5 from the leading edge. The
characteristics of the material are given in the Table 1
and compared with the steel’s ones for information.Note
the uncertainties on the POLY 1500 resin.

Figure 2. Cantilevered flexible hydrofoil equipped with
strain gauges at the root

The incidence of the foil in the tunnel is controlled by
a Baldor drive system that allows us to control with high
accuracy the angle step A, the acceleration and the
rotational speed. The theoretical accuracy of the adjust-
ment is 6.10~* degree, however the uncertainties of the
angle of attack was founded to be 0.1°, considering the
mechanical mounting system. A high speed camera was
fixed over the test section to record movies when cavita-
tion develops over the foil. The model used is a Fastcam
SA3 120K from Photron. It is equipped with a CMOS
image sensor, which sensor size is 17.4mm*17.4mm. The
frame rate is spread from 60fps to 2000fps for the full
sensor resolution (1024*1024 pixels), when the pixel size
is 17pm.

Table 1. Characteristics of the flexible materials. Steel
is given for comparison.

Steel POM POLY1500
Young mod. (E, GPa) 203 2.9 1.227-1.462
Poisson coef. (v) 030 0.35 —
Density (p, kg.m™?) 8010 1420 1180 — 12000

1.1 Static deformation measurements

The static deformation was measured using a Laser dis-
tance measurement system mounted on a 2D translation
system on the uper side of the test section. The system
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allowed us to scan the hydrofoil surface for a given flow
condition along various sections selected along the span.
In that case five sections from the root to the tip was se-
lected. Then the deformation was obtained by comparing
the scan without flow and the scan obtained at a given
velocity. With this method it was possible to extract the
bending and twisting of the hydrofoil for a given angle of
incidence and velocity. However, a specific geometrical
system was used to calibrate the laser distance measure-
ment in order to take into account of the deflection of the
beam laser crossing the Plexiglas and the water layers.
The calibration consisted to measure the position of a
well-known geometrical system in air then to measure
the same system position with water and Plexiglas layers.
A correction factor was then found in such a way the
two mesaurements give the same results. The correction
factors were aplied to the measurements.The results are
presented on Figure 3 for the static bending at mid-chord
and on Figure 4 for twisting. As shown the hydrofoil
experienced mostly bending ranging from 1mm to 10mm
than twisting ranging within 0.05° and 0.1° according
the angle of incidence.

10f ]

Bending (mm)
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Figure 3. Deformation of the POLY1500 hydrofoil with
U = 5m.s~! - bending.
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Figure 4. Deformation of the POLY1500 hydrofoil with
U = 5m.s~! - twisting.

1.2 Strain measurements

To determine components of plane strain, the hydrofoil
is equipped with three identical strain gauges build in
a rosette way. They are glued in a hole close to the
root of the foil. The cavity is filled with a resin whose
mechanical characteristics are close to the foil’s material.
The cavity is then polished with sand paper to obtain a
smooth continuous surface (Figure 2).

The strain gauges are L2A_13-125WW-120 from Vishay
Micro Measurements. They are made in constantan and
have a K-factor equal to 2.11. Their accuracy is +6%.
The strain gauges are assembled in a Quarter Bridge .
The strain gauges measure the strains (g1,2,3 in the di-
rection of their own axis. The gauges’ axes are separated
by a 45° angle and the first one is given by the span
direction (£1), the third by the chord direction ((e3). The
data are first amplified (Quantum mx16, HBM) and then
recorded by the acquisition software CATMAN (HBM).

The principal strains €7 y; can be calculated by:

€1 +¢e3 1 1
! 3:|:\/(63 —51)2 + 4 % (62 — 5(61 +€3))2

2 T2
(1)

ErIir =

as well as the principal stresses oy r5:

orir = MNer+err) +2per 1 (2)
with A = (H_Dﬁﬁ and p = ﬁ the Lamé parame-

ters.
The Von Mises stress can be computed as well by:

O'VMZ\/U%-FO'?I—UIO'H (3)

1.3 Vibration measurements

The measurements were performed with two vibrometers
from Polytec: the first one is fixed and is taken as a
reference whereas the second one is a PSV-400 scanning
vibrometer. This model can detect vibrations up to
10m.s~! with a HeNe laser (A = 633nm). It is equipped
with two analog velocity decoder VD-04 and VD-06. The
scanner is a high precision scan unit, with an angular
resolution lower than 0.002° and an angular stability
lower than 0.01° per hour. Because of laser light diffusion
in the platic material, reflecting tapes were glued on the
foil’s surface to enhance the signal to noise ratio. It allows
us to measure the vibration level on a user-defined grid
over the structure surface. The cross-spectrum between
the reference laser point and a scanned measured point
is computed to preserve the phase at a given frequency.
From this phase, the phase between two scanned points
measured at two different time could be computed. This
allowed us to get the vibration shape of the structure
at a given frequency. It is very convenient to infer the
modal shape associated to a modal frequency.

An electrodynamic shaker was used to measure the
response of the foil to an impulse and identify the natural
frequencies of the foil in air and in still water. Eight
measurements were performed on each point, with one
impulse per measurement, and the mean spectrum was
calculated. The frequency resolution of the following
measurements is Af = 0.625Hz. The repeatability of the
experiment was tested and the accuracy was then lower
than 2%.
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The modes have been identified thanks to the phase
preservation between the reference and the scanning
vibrometer. The spectra are shown on figure 5 and the
values of the three first modes’ frequencies are given
in Table 2. As shown, the frequencies of the bending
(f1) and twisting (f2) modes in water decrease strongly
compared to in the air as a result of added mass effects.
The modal shapes are given on Figures 6(a) and 6(b) for
bending and twisting. The mean bending and twisting
along the chord for various sections is compared to a
beam theoretical bending and twsting modes showing
that the 3D hydrofoil has a beam like behavior for the
two first modes of vibration (Figures 7 and 8)

Table 2. First modes’ frequencies of the foil in POM as
response to series of eight impulses (Hz).

Air  Still water
f1 80.6 34.4
fy 390 183.5
fs  556.5 292

Magnitude (m.s™1)

| | | | | | | | | | |
50 100 150 200 250 300 350 400 450 500 550 600
Frequency (Hz)

Figure 5. Response of the foil in POM to an impulse in
m.s~ L.
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(b) Twisting
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Figure 7. Comparison of the theoretical and
experimental modal shapes - bending.
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Figure 8. Comparison of the theoretical and
experimental modal shapes - twisting.

the flow only, the values in still water are removed. Then,
as the hydrofoil section is symmetrical, the strains are
null for @« = 0°. This allows us to adjust precisely the
value of the incidence g during the experiments.

The results are shown on Figure 9. Again it is ob-
served that the hydrofoil behaves like a built-in beam:
€1 and €5 increase with the angle of attack. The higher
strain is €1, which corresponds to the span direction
(blue line on Figure 9). It is due to the hydrodynamic
lift force. The strain e3, in the chord direction (green
line), is opposed to the others because of the twist and
the shearing stress.

2,000 7

—x— €1

—x— €9
—

——€3

1,000

1,000

Strains (wm.m=1

Figure 6. Modal shapes.

2. STRAINS AND STRESSES ANALYSIS

2.1 Non cavitating flow

Concerning strains’ measurements, the experiment was
performed from —10° to 10° and with a step Aa =
0.5°, at flow velocity U = 5m.s~!. The values of ¢;
are recorded during 10 seconds and the mean value is

computed. In order to study the strains resulted from

~2,000

-2 0 2 4 6 8 10

I
-10 -8 -6 —4

Figure 9. Strains (um/m) depending on the AoA, U =

5m.s~ L.

It is observed that the strains are linear up to 3°.
Then they discard from the linear trend. This is particu-
larly true for e; that is highly related to the lift. Figure
10 shows the principal stresses (2) and the Von Mises
stresses (3). As shown, an inversion of the principal
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stresses’ curves appears passing through 0°. This is due
to a change of the principal directions. The Von Mises
stress is symmetrical and it is linear up to 4° (respectively
—4° for negative angle of incidence). Beyond 4° or —4° it
discards from the linear evolution.This is a consequence
of the lift force evolution that was found to evolve in the
same way as a result of boundary layer transition due to
a Laminar Separation Bubble at a moderate chord length
Reynolds number [22]. It was observed that triggering
the boundary layer at the leading edge suppress this
peculiar nonlinear behavior.

—
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Figure 10. Stresses (MPa) depending on the AoA, U =
5m.s~L.

2.2 Cavitating flows

Measurements have been carried out with a decreasing
number of cavitation in order to analyze the behavior
of the strains and stresses in cavitating flows. It was
observed that depending on the strain direction the mean
values of the strains ¢; increases with o (see 1), and
decreases for the lowest cavitation number as it is il-
lustrated on Figure 11. In the same time, the strain
fluctuations increase as shown by the vertical bars, de-
termined by the standard deviation. This is particularly
true for e; directly related to the lift forces. The same
observation is clearly shown on the Von Mises stress evo-
lution as function of the cavitation number (Figure 12).
As an interesting result, it is shown that strain gauges’
response can be a very interesting way to get information
on forces acting on the structures. It could be a good
way for control lifting surfaces in operating condition.

< 1000 ]/TL\—/ |

—— €1

—x— €2

—x— €3

(=}
T
|

Strains (um.m
bt
\

Figure 11. Mean ¢; depending on o. Vertical bars are
determined by the standard deviation.
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Figure 12. Mean values of Von Mises stress depending
on cavitation. Vertical bars are determined by standard
deviation.

In fact as the cavitation number decreases, the strain
signals experience large fluctuations at a frequency re-
lated to the oscillation of the cavity. The frequency,
named f., decreases as the cavity increases. This is
clearly shown on Figure 13, which represents the time
series of the Von Mises stresses depending on the cavita-
tion number. It is particularly clear on the Von Mises
stresses’ signal for o = 1.70 (Figure 13). The frequencies
of the strain gauge’s signals were found to be similar to
the vibration’s frequencies of the foil reported in the next
session.

=
&
& —— 0 =258
§ 41 A —0 =2.22
§ —— o0 =1.86
2 9l |l—0c=170
=
>

Figure 13. Time-history of Von Mises stresses for
different cavitation numbers.

3. FOIL'S VIBRATION

3.1 Non cavitating flows

Measurements were carried out at a constant pressure in
the tunnel section close to the atmospheric pressure, for
which cavitation does not develop. They were performed
for angles of incidence from 0° to 8° with a step Aa = 2°,
the flow velocity was 3, 4, 5 and 6 m.s~!, corresponding
to Reynolds numbers based on the chord length ranging
from 3.10° to 6.10°. The frequencies of the first two
modes, which correspond to bending and twisting modes,
are reported on Table 3 for each incidence and each flow
velocity. An example of vibration spectra is given on
Figure 14, which represents the spectra with o = 8°
depending on the flow velocity.

The first mode’s frequency (bending) is constant with
the flow speed and the angle of attack, whereas the sec-
ond (twisting) and the third one’s increase with the flow
speed (Figure 14). For the lowest incidences (0 to 4°)
and low flow velocity (3m.s™!), a high peak appears near
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Table 3. First two modes frequencies (Hz) depending

on the flow speed and the AoA = 00
= ) — 3m.s~!
% —80 2 —4m.s~t
3m.s~1 4m.s~1 5m.s~ ! 6m.s~1 2 Sm.s1
i —6m.s!
8o 36.5 Hz  35.5 Hz 37 Hz 37THz = 0
182 Hz 188.5 Hz 191 Hz 194 Hz ‘ ‘ ‘ ‘ ‘ ‘ ‘
37 Hz  36.5 Hz 37 Hz  36.5 Hz 50 100 150 200 250 300 350 400
0 185 Hz  189.5 Hz 190.5 Hz 190.5 Hz freaueney (1)
4° 37.5Hz 355 Hz  36.5 Hz 36 Hz  Figure 15. Spectra with a = 2°, U = 3 to 6 m.s™! at
187 Hz  187.5 Hz 187 Hz 189 Hz  atmospheric pressure (non cavitating flow).
90 36.5 Hz 37.5 Hz 37 Hz 37 Hz
186.5 Hz 187 Hz 186.5 Hz 189.5 Hz
. 35 Hz 37 Hz 36 Hz 37 Hy flow velocity and p the water density. The cavitation
0 186 Hz 186.5 Hz 190 Hz 184.5 Hz Wwas controlled by decreasing or increasing the pressure
Py at a fixed velocity.
Tests have been performed with a fixed flow velocity
a / (U =6 m.s™!) and two angles of attack (a = 8, 10°). For
g sl a equal to 8°, eight measurements have been performed,
< that corresponds to cavitation numbers ranging between
% 100 o = 1.52 and 0 = 5.68 (wetted flow). For a equal to
= 10°, six measurements have been carried out with o
120 | | | | | | | | decreasing from 2.51 to 1.52. The spectra are shown on
5 100 150 200 250 300 350 400 Figure 16 and Figure 17.
Frequency (Hz)
(a) Spectrum
410*4‘ ‘ -10‘*4 ) 201 |
_ _ g | A paty
T ! T, < 100 -"‘«?fb?"\v o =168
§ £ .'|.[P lE‘NI 1 .;;ll '.31."] '_].'.;Il .'1|.]| 1 350 II|]| 1
| | | | | Frequency (Hz)
160 180 200 220 240 i
Frequency (Hz) Frequency (Hz) S 10-3
(b) Bending mode (c) Twisting mode
- D015
Figure 14. Spectra with o = 8°, U = 3 to 6 m.s~! at P r s I
atmospheric pressure (non cavitating flow). = ) = 'M,. | M} il
e I T, AR
E T g
the twisting mode’s frequency (Figure 15). As mentioned - o= | =

previously it is a consequence of the unsteadiness of the
Laminar Separation Bubble (LSB) inducing transition at
low angle of attack and moderate flow velocities develop-
ping on the rear part of the suction side ([23]). This peak
disappear when the incidence or the velocity increases.
It is explained by the sudden displacement of the LSB
and transition towards the leading edge [22].

3.2 Cavitating flows

To study the behavior of the flexible foil with cavitation,
measurements have been carried out by decreasing the
pressure. The cavitation number is defined by

(PO - Pv)
0.5pU?

(4)

where Py is the pressure at middle of the test section,
P, the vapor pressure at the water temperature, U the

(1] 20 40 GO 20 100 150 200 250 300

Frequency (Hz) Frequeney (Hz)

(b} Bending mode (e} Twisting meode

Figure 16. Response of a foil in cavitating flow, a =
10°, U = 6m.s~ L.

As shown on Figure 17, the frequencies of the twist-
ing and the third modes increase as o decreases. On
the contrary, even it is not very significant, the bending
mode’s frequency tends to decrease slightly as the cav-
itation develops. For the lowest cavitation numbers (o
lower than 1.41), a low frequency peak and its harmonics
appear. For a = 8°, the first peak corresponds to the
bending mode’s frequency and is constant until o = 1.6,
then it falls to 8Hz. The same trend is visible on the
curves with @ = 10°, but the fall seems to occur later.

To study more deeply this phenomenon, high speed
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Figure 17. Vibration spectra in cavitating flow, o = 8°,
U = 6m.s~! (Spectra are displayed on two subfigures (a)
and (b) depending on ¢ to improve visibility, the green
curve (o0 = 1.63) is represented on both figures)

movies was recorded to observe the cavitating flow de-
veloping on the suction side. It was observed that for «
equal to 8° and o = 2.42, attached bubbles appear on
the foil mainly due to surface irregularities (Figure 18).
As the pressure decrease, a sheet cavitation attached to
the leading edge takes places and oscillate between 20
and 50% of the chord for o = 2.08. In that case, the fre-
quency of cavity oscillation is close to the bending mode’s
frequency of the foil that implies a lock-in between both
frequencies and a strong increase of the magnitude of the
peak. A second peak corresponding to the harmonic of
the cavity oscillation is observed as cavitation develops
more.

For 0 = 1.81 and 1.63 (Figure 19), the cavity oscilla-
tion amplitude becomes very large. The cavity oscillates
from 0% to 70% of the chord length before being carried
away downstream. The frequency of the cavity oscil-
lation, noted f,, can be deduced from the high speed
camera records between two periods of the cavity evo-
lution. The frequencies correspond to the higher peaks
of the frequency vibration responses, that explains the
decrease of the first peak’s frequency from the bending
mode frequency (around 34.4Hz) to 30Hz. Harmonics of
this frequency are observed for o = 1.63.

As the cavitation number becomes lower than ¢ =
1.41, a peak appears at f = 8Hz (Figure 20) and subse-
quent harmonics are observed. This low frequency peak
corresponds to the oscillation frequency of the cavity. In
that case the vapor cavity oscillates from fully wetted
to nearly 100% of the chord length. Its higher order
harmonics are relatively low but can interact with the

)

no

Magnitude ((m

10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

(a) Spectrum

(b) o = 2.42

no cav.

(c) 0 =2.08
cav. = 0.3-0.4c

Figure 18. Vibration spectra in cavitating flow, o = 8°,
U = 6m.s~! (Spectra are displayed on two subfigures (a)
and (b) depending on o to improve visibility, the green
curve (o = 1.63) is represented on both figures)

bending 30Hz-peak. As the pressure decreases again (o
= 1.37 and 1.25), this interaction disappears and the
first harmonic becomes stronger.

The Table 4 gathers the oscillation frequencies f,
obtained from high speed visualization and the main
frequencies of the foil vibration spectrum, called f,,,
according the cavitation number.

Table 4. Oscillation frequencies of the cavity sheet and
main frequencies of the foil depending on the cavitation
number, o = 8°, U = 6m.s'.

o 242 208 181 163 141 137 1.25

fo - - 33 314 851 854 7.84
fm 35 35 35 31 8 8 8

The same phenomenon is observed with o = 10°. For
o = 2.51 and o = 2.07, a sheet cavitation oscillates be-
tween 20% and 40%, and between 0 and 50% respectively,
but no frequency appears distinctly on the films. Then
we can observe a growth of the cavity until the shed-
ding with a measurable frequency value of approximately
30.3Hz for o = 1.75 and 33Hz for ¢ = 1.59, very close
to bending frequency.



An Experimental Analysis of the Structural Response of Flexible Lightweight Hydrofoils in Various Flow Conditions — 8/9

o181
0.15] 7 i
= 2 o= 1.63
‘75
£ o01f N
=
°
H-1072 F h
3 i
]
= - L
| S S U I B

Frequency (Hz)

(a) Spectrum

(b) o = 1.81
cav. = 0.3-0.6¢

(c) o =1.63
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Figure 19. Vibration spectra in cavitating flow, o = 8°,
U = 6m.s~! (Spectra are displayed on two subfigures (a)
and (b) depending on ¢ to improve visibility, the green
curve (o = 1.63) is represented on both figures)

4. CONCLUSION

An original experimental procedure was developed to an-
alyze Fluid Structure Interaction on flexible lightweight
lifting structures operating in heavy fluid and cavitating
flow. Specific hydrofoils were constructed in order to
measure the static deformation, the strains, the stresses
and the vibrations of a rectangular cantilevered flexible
NACA 0015 section hydrofoil made of POM, in sub-
cavitating flow and in unsteady partial cavitation flow.
The experiments were performed in the cavitation tun-
nel of the French Naval Academy. The hydrofoil was
equipped with strain gauges embedded close to the root
of the foil. Vibrations measurements were carried out us-
ing vibrometers. Many new observations can be reported.
It was observed that the cantilevered rectangular hydro-
foil has a beam-like behavior with bending and twisting
deformation mainly. The strains evolve linearly with the
angle of incidence as the hydrodynamic loading. In par-
tial cavitating flow, the average value of the strains and
stresses tend to increase in the first stage of cavitation
together with an increase of fluctuations. As the vapor
cavity increased again, the strains and stresses felt down
together with a strong increase of fluctuations. This was
clearly observable on the Von-Mises stress measurement.
Concerning vibrations, the bending and twisting mode’s
frequencies were clearly identified thanks to impulse tests
on the foil’s surface in the air and in still water. The ef-
fect of added-mass in heavy fluid is clearly determined by

—0 =125

Frequency (Hz)

(a) Spectrum

(b) o = 1.25

(c) 0 = 1.37 (d) o = 1.41

Figure 20. Vibration spectra in cavitating flow, o = 8°,
U = 6m.s~! (Spectra are displayed on two subfigures (a)
and (b) depending on o to improve visibility, the green
curve (o = 1.63) is represented on both figures)

a net decrease of the modal frequencies. Then measure-
ments in non cavitating flow were performed for various
flow velocities corresponding to Reynolds number rang-
ing from 3.10° to 6.10%, and various angle of attack (AoA)
from 0° to 8°. It is observed that the bending mode’s
frequency is constant as the AoA or the flow velocity
increases. On the other hand, the twisting and the third
mode’s frequencies tend to increase with the flow velocity
and incidence. A peculiar vibration phenomenon was
observed at relatively low AoA. It induced a strong peak
at a given frequency that can be related to a laminar
separation bubble and boundary layer transition. It was
observed that the phenomenon disappears as the AoA
or the velocity increases or by triggering the boundary
layer close to the leading edge.

The measurements carried out in unsteady cavitating flow
allowed us to notice that the bending mode’s frequency
changes slightly depending on the oscillation frequency
of the cavity, resulting from a frequency lock-in with the
cavity oscillation’s frequency and harmonics or subhar-
monics . Moreover, the twisting mode’s frequency tends
to increase with the cavity length that could be related
to a decrease of the added mass effects in presence of a
vapor cavity on the foil surface.

This work brings new informations about the physics of
FSI on lightweight flexible structures in a heavy fluid
that should be very interesting for physical analysis and
simulation of relative complex flow in FSI. This work has
to be followed with different enhancements. In particular,
some observations need to be studied more deeply. The
hydrodynamic force measurements on flexible foil should
be also examined. Moreover, tests should be performed
with other foils made of other flexible materials.
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